Simultaneous removal of carbon, nitrogen and phosphorus was examined along with reduced generation of biological sludge during the treatment of synthetic wastewater and hog waste by the 
INTRODUCTION
The removal of nutrients, especially from high organic load and nutrient-rich wastewaters cannot be adequately accomplished by existing technologies and has become a serious challenge to the wastewater treatment market. Most conventional nutrient removal systems use complicated processes that contain a multiplicity of reactors, unit operations and recycle streams. These systems often have a large footprint, complicated designs, elaborate control strategies, and produce excessive amounts of sludge. The use of combined anaerobic/anoxic/aerobic systems using sequencing batch reactors, anaerobic digestion, upflow anaerobic sludge blankets (UASBs) and fixed-film reactors for the treatment of high strength wastewaters have improved the removal efficiencies of contaminants, but they seldom meet stringent environmental criteria (Montuelle et al. ; Bernet et al. ) . Membrane processes such as the membrane aerated biofilm reactor (MABR) have been used to remove carbon and nitrogen (Downing & Nerenberg ; Lackner et al. ) . However, these processes are usually associated with excess biofilm accumulation that can deteriorate the process performance.
BioCAST is a new multi-environment wastewater treatment technology for the simultaneous removal of carbon, nitrogen and phosphorus with reduced sludge generation. This technology benefits from the presence of both suspended-growth and attached-growth microbial biomass, which produce high cell concentration and high mean cell residence times (MCRT), thus increasing the specific and volumetric biodegradation rates of contaminants. The hydrodynamic characteristics of this treatment system were examined and reported by Behzadian et al. () , while the performance of the system using a synthetic medium with glucose as the carbon and energy source was reported by Yerushalmi et al. () . The formation and evolution of biofilm on a custom-built support medium was also investigated and reported by Alimahmoodi et al. (a) . These studies showed the unique hydrodynamic properties of the Bio-CAST treatment system and its high capacity to remove chemical oxygen demand (COD), nitrogen and phosphorus under varying operating conditions. Phosphorus removal efficiency was shown to closely follow nitrogen removal rate and was dependent on the nitrogen loading rate and C/N ratio. The formation of biofilm on geotextile with filamentous structure, used as the support medium, caused rapid attachment of microbial cells and allowed the creation of stable zones with different oxygen concentration profiles, resulting in the growth and development of a diversified group of microbial culture.
The present paper reports on the operation of the Bio-CAST technology during 225 days of synthetic wastewater treatment and 185 days of hog waste treatment, and evaluates the impact of operating and process parameters on the removal efficiency of carbon, nitrogen and phosphorus. This study follows the start-up phase of the treatment system, which lasted for almost 50 days (Alimahmoodi et al. b) .
MATERIALS AND METHODS

Description of the BioCAST system
The BioCAST technology contains two bioreactors, each having a multiplicity of zones with different environmental conditions necessary for the removal of carbon, nitrogen and phosphorus (Figure 1 ). Bioreactor I contains aerobic, microaerophilic and anoxic zones, as well as a clarification zone for solid-liquid separation. The aerobic and microaerophilic zones are designed based on the concept of air-lift reactors and benefit from operational strategies that were shown to achieve enhanced nitrification/denitrification for nitrogen removal (Li et al. ) . Air is introduced into the aerobic zone through three custom-built air diffusers located at the bottom of this zone. Aeration provides oxygen for aerobic microbial metabolism while providing mixing and circulation of mixed liquor between the aerobic zone (riser) and microaerophilic zone (downcomer) on a continuous basis. The second bioreactor contains an anaerobic zone for sludge digestion at the bottom, a middle section for solid-liquid separation as the liquid flows upward, and a filtration unit at the top containing granulated peat moss as the filtration medium. The effluent from the first bioreactor flows to the second bioreactor for additional treatment and clarification. The continuous circulation of mixed liquor between the three zones in the first bioreactor exposes the contaminants to three different environmental conditions every few minutes while accumulating biomass inside the mixed liquor. This design and operation strategy, along with the presence of a high concentration of attached microbial biomass enhances the retention of slow-growing nitrifying bacteria, which are needed for nitrification. Biofilm grows on a custom-built support medium, placed at the centre of the aerobic zone. The support medium consists of two concentric cylindrical structures made out of stainless steel wrapped in geotextile. A polyethylene continuous nonwoven geotextile (Texel Inc., Quebec) with a density of 950 kg/m 3 , specific surface area of 1,500 m 2 /m 3 , and porosity of 0.88 was used. The flow rate of circulating mixed liquor and its instantaneous hydraulic retention time (HRT) in the aerobic zone (HRT inst. ) are controlled by adjusting the number and size of apertures between the aerobic and microaerophilic zones, and the input power of the air compressor. There are eight apertures with adjustable sizes of 1/4″ to 1″ installed at the top of the aerobic zone to direct and control the liquid flow between the adjacent aerobic and microaerophilic zones. The generated sludge is transferred from the anoxic zone in the first bioreactor to the anaerobic zone in the second bioreactor for digestion and production of volatile fatty acids (VFAs), which are used as the source of carbon in the phosphorus removal and denitrification processes. The produced VFAs, along with the phosphorus-accumulating organisms (PAOs), which are needed for biological phosphorus removal, are transferred by a recycle stream from the anaerobic zone to the aerobic/microaerophilic zones in the first bioreactor. The design and operating conditions of the treatment system support nitrogen removal by nitrification and denitrification processes. These conditions include an adequate dissolved oxygen (DO) concentration in the aerobic zone which was kept above 4 mg/L at all times, the presence of nitrifying bacteria as demonstrated in our previous publication (Alimahmoodi et al. a) , and high solid retention times (SRT) for nitrification, owing to the maintenance of suspended biomass in the circulating mixed liquor and attached biomass on the support material. The denitrification process is supported by the presence of oxygen-depleted microaerophilic and anoxic zones, and recycling of easily biodegradable VFAs from the anaerobic zone in the second bioreactor to these zones. The treatment system offers both pre-denitrification and post-denitrification processes, increasing the nitrogen removal capacity of the system. The continuous circulation of mixed liquor between various zones in the first bioreactor having different environmental conditions supports the denitrification of produced nitrates and nitrites shortly after their formation, preventing the accumulation of these inorganic contaminants, which may exert inhibitory effects on microbial metabolism. Phosphorus removal is accomplished by the enhanced biological phosphorus removal process, supported by the presence of aerobic and anaerobic conditions, while carbon removal takes place under all different environmental conditions. The two bioreactors were fabricated from transparent PVC by the company AC Plastics in Quebec, Canada, and had a volume of 185 and 12 L, respectively. The volumes of the aerobic, microaerophilic and anoxic zones were 17, 61 and 22 L, respectively, while the volume of clarification zone in the first bioreactor was 85 L. The reactors had a height of 1.13 m. The inoculum used to start the operation of the treatment system included equal volumes of a sample of aerobic biomass from a food processing plant in Candiac, Quebec, and a sample of anaerobic biomass from the ADI System Inc., in New Brunswick, Canada, producing an overall biomass concentration of 420 mg/L in the mixed liquor.
Monitoring and control of physical-chemical parameters
The physical-chemical parameters including the DO concentration, liquid pH and oxidation-reduction potential (ORP) were continuously monitored and/or controlled in various zones of the treatment system using the corresponding electrodes and probes. The DO concentration was controlled at 4.0-6.0 mg/L in the aerobic zone and 0-2.0 mg/L in the microaerophilic zone. The ORP assumed the following values: >þ 200, 0-100, À100 À þ100 and <À 200 mV in the aerobic, microaerophilic, anoxic, and anaerobic zones, respectively. The use of pH probes and electrodes enabled the control of liquid pH in different zones by acid/base addition using 1 mol/L HCl/NaOH solutions in case of sudden variations in the environmental conditions. However, during the reported study, pH adjustment in the influent stream was sufficient to establish adequate ranges of liquid pH in various zones. The liquid pH varied in the range of 7.0-8.5 in the mixed liquor, 6.0-7.0 in the anoxic zone, and 6.5-7.5 in the anaerobic zone, corresponding to the biochemical reactions and environmental conditions in these zones. The treatment operations were conducted at room temperature (20 ± 1 W C).
Wastewater composition and operating conditions
The synthetic wastewater had the following composition (in mg/L): glucose (1, 750) 
Analytical methods
Liquid and sludge samples were withdrawn from various zones in the two bioreactors at least twice per week. Liquid samples were filtered through 0.45 μm syringe filters and the required dilutions were made for concentrated samples. The COD concentration was measured using the closed reflux colorimetric method (EPA standard method 410.4). Total nitrogen (TN) and total phosphorus (TP) in the liquid samples were determined using colorimetric methods after digestion of the samples at 100 W C for 1 h.
TN concentration was determined according to the persulfate digestion method (HACH method 10071). TP concentration was determined according to the ascorbic acid method (EPA method 365.2). The concentration of NH 3 -N was determined according to the salicylate method (EPA method 350.1). NO 2 -N was measured according to the diazotization method (EPA method 354.1), while NO 3 -N was determined according to the reaction of nitrate ions with 2,6-dimethylphenol (EPA method 353.2). Total Kjeldahl nitrogen (TKN) was calculated from the difference of TN and the sum of nitrate and nitrite. The phosphorus content of sludge was measured spectrophotometrically using the vanadomolybdophosphate method (APHA/ AWWA/WEF ). The VFA concentration was determined using the esterification method (HACH method 10240). The concentration of solids in the sludge was determined using gravimetric methods (Standard Methods 2540 B and D) . The samples were oven-dried at 105 W C ± 2 W C for the measurement of total suspended solids and were further ignited at 550 W C ± 2 W C to determine the volatile suspended solids (VSS) concentration of sludge. Microbial observations were performed using a desktop microscope (Micromaster S11035) equipped with a digital camera. The concentration of biofilm biomass was estimated periodically by removing the support material from the aerobic zone for a few minutes to measure the biofilm thickness and to collect a sample for biomass measurement and microscopic observation. The concentration of biofilm biomass was measured from a known volume of the biofilm by VSS measurement techniques.
RESULTS AND DISCUSSION
The removal efficiencies and removal rates during the treatment of synthetic wastewater and hog waste by the BioCAST system are presented in Table 2 . The treatment system exhibited a consistently high capacity for COD and TN removal during the treatment of synthetic wastewater, despite variations of loading rates and influent concentrations. The effluent concentrations of (Figures 2(a) and 2 (b)), demonstrating the stability of operation and high capacity of COD and nitrogen removal by the BioCAST system. However, the TP effluent concentration remained above 10 mg/L during the first 160 days of operation (Figure 2(c) ), resulting in removal efficiencies below 50%, as reported before (Yerushalmi et al. ) . During this period the nitrogen loading rate was below 0.05 kg/m 3 d, while the nitrogen-to-phosphorus (N/P) ratio was less than 3. The impact of N/P ratio on the removal efficiencies of COD, TN and TP is presented in Figure 3(a) . While COD and TN removal efficiencies were practically independent of the N/P ratio, the TP removal efficiency exhibited a strong dependence on this ratio. After increasing to 45% at low N/P ratios, the TP removal efficiency remained almost constant with the increase of N/P ratio to 3, and then increased sharply with further increase of the N/P ratio, reaching 94.1% at the N/P ratio of 4.5. Figure 3(b) shows the strong dependence of phosphorus removal on nitrogen loading rate and indicates that the TP removal rate increased above 0.007 kg/m 3 d only when the TN loading rate increased above 0.05 kg/m 3 d. The increase of TN loading rate above 0.03 kg/m 3 d had a minimal impact on the COD removal rate which remained constant at around 1.7 kg/m 3 d (Figure 3(b) ). However, the TP removal rate and correspondingly its removal efficiency continued to increase with further increase of TN loading rate, reaching 0.015 kg/m 3 d and 94.1%, respectively. Under these conditions, the effluent phosphorus concentration reached 1.4 mg/L. The dependence of phosphorus removal rate on nitrogen loading rate and the N/P ratio suggests the existence of a relationship between denitrification and phosphorus removal as reported before (Ahn et al. ; Qiuyan & Oleszkiewicz ). The significant effects of N/P ratio and TN loading rate on phosphorus removal efficiency indicate that the operating parameters should be closely controlled at the optimum range in order to achieve high removal efficiencies of all contaminants. Despite low effluent concentrations of contaminants, the quality of effluent suffered from consistent turbidity resulting from the production of an unsettleable extracellular polymeric substance (EPS) with low biodegradability. The properties of EPS were examined during independent batch experiments. The effluent turbidity was mainly caused by the presence of EPS with minimum contribution from the biomass. The generated EPS caused clogging of the filtration medium in the second bioreactor, and consequently, the filtration medium was removed during the early stages of treatment, leaving an empty filtration unit in the second bioreactor. The production of EPS during wastewater treatment operations had been reported before (Wang et al. ) . The generated EPS was completely removed by the addition of ferric chloride to samples of the effluent, producing a clear and well-treated effluent.
The treatment system demonstrated an adequate capacity for the removal of COD, and moderate capacities for the removal of nitrogen and phosphorus from hog waste ( Table 2) . These results were obtained despite the inhibitory effect of hog waste towards microbial activities, verified by a toxicity bioassay (LC 50 -48 hours) using Daphnia magna. In spite of the observed inhibitory effect of influent hog waste, the heterotrophic microorganisms maintained their activity, as shown by the high removal efficiency of COD. This was attributed to the high SRT in the treatment system, which enhanced the adaptation of microorganisms. The autotrophic nitrifiers which are known to be more sensitive than heterotrophs were inhibited, thus resulting in a low nitrification and lower removal of TN. The relationship between nitrogen and phosphorus removal, as shown before, prevented a complete removal of phosphorus, as exhibited by the low removal efficiency of phosphorus during the treatment of hog waste.
As shown in Figure 4 , the removal efficiencies of TN and TP increased with the progress of operation, demonstrating improved performance of the treatment system as a result of the development and adaptation of different microbial cultures.
The design and operation strategy of the BioCAST system prevents excessive biomass generation, thus producing a low biomass yield. This is due to a number of factors, including degradation of a fraction of the organic matter by anaerobic processes, high MCRT, high concentration of suspended and attached microbial biomass, which reached 1,480 mg/L of suspended biomass in the mixed liquor and 44,300 mg/L of biofilm biomass, and digestion of sludge in the anaerobic zone. MCRT ranged from 12 to 138 days during the treatment of synthetic wastewater and from 12 to 49 days during the treatment of hog waste. The observed biomass yield based on the consumed COD was in the range of 0.2-9.8% and 2.6-12.6% during the treatment of synthetic wastewater and hog waste, respectively. The average biomass yield was 3.7% during the treatment of synthetic wastewater and 8.2% during the treatment of hog waste.
CONCLUSIONS
This study demonstrated the stability of operation and capacity of the BioCAST system for the simultaneous removal of carbon, nitrogen and phosphorus during the treatment of wastewaters, including those originating from agricultural activities. The special design and operation strategy of this multi-environment treatment system produces high biomass concentration and high MCRT, contributing to increased removal rates of contaminants while producing a low amount of sludge to the significant benefit of the environment. The efficiency of phosphorus removal was shown to be strongly dependent on the N/P ratio and TN loading rate, demonstrating the close relationship between nitrogen and phosphorus removal processes. Nitrogen and COD removal showed low dependence on the N/P ratio, while COD removal was independent of the nitrogen loading rate above 0.03 kg/m 3 d. The stability of operation was particularly evident through obtaining low effluent concentrations of nitrogen and COD despite varying loading rates and influent concentrations of these contaminants. The adaptation of microbial biomass enabled the BioCAST system to remove COD, nitrogen and phosphorus from hog waste despite its inhibition towards microbial activities. Removal efficiencies of contaminants from hog waste increased continually with the progress of operation, reaching monthly values upwards of 87, 60 and 44% for COD, nitrogen and phosphorus, respectively, after 6 months of operation.
